During differentiation of sympathetic neurons in chick embryos, tyrosine hydroxylase (TH) and dopamine b-hydroxylase (DBH) mRNAs become detectable during the same developmental period and are both induced by BMP 4. Later during sympathetic ganglion development, DBH is detectable in TH-positive and -negative cells. Moreover, BMPs reduce DBH mRNA in cultures of sympathetic neurons while leaving TH unaffected. The data provide evidence for a common regulation of TH and DBH early during sympathetic neuron differentiation and indicate that BMPs promote their initial expression but not the maintenance during later development. The time course of Phox2a and 2b expression suggests an evolutionary conserved role in noradrenergic induction. In addition, Phox2a, Phox2b, and c-ret may be involved in the differentiation of cholinergic sympathetic neurons. q
Introduction
The generation of an astonishing diversity of distinct neuronal classes constitutes a central theme during neuronal development. Growth factors derived from adjacent tissues are recognized to be essential for the accomplishment of this task (Edlund and Jessell, 1999) . The most thoroughly analyzed system with respect to the involvement of growth factors in the generation of physiologically relevant differences between distinct classes of neurons is the sympathetic nervous system Rohrer, 1996, 1999) . In avian and mammalian sympathetic precursors, the involvement of bone morphogenetic proteins and neuropoetic cytokines in the differentiation of noradrenergic and cholinergic postganglionic neurons outlines a paradigmatic example for the regulation of neuronal phenotype by axial and targetderived growth factors. Importantly, evidence has been obtained that different aspects of the neurotransmitter phenotypes are regulated coordinately during neuronal differentiation Rohrer, 1996, 1999) . The observations suggest that the transcriptional regulation of phenotypic differentiation employs certain growth factors and their signalling pathways to commonly induce several genes coding for proteins required for given functions.
The analysis of expression of the catecholaminergic biosynthesis enzymes tyrosine hydroxylase (TH) and dopamine b-hydroxylase (DBH) in rat sympathetic neurons demonstrates that both proteins are detectable from embryonic day 11 (E11) onwards, depending on rostrocaudal position (Cochard et al., 1978 (Cochard et al., , 1979 Teitelman et al., 1979; Anderson et al., 1991; Lo et al., 1991) . The data suggest that both genes may be regulated together, but lack an analysis of transcription at suf®cient time resolution. In the chick embryo, there is also evidence for the coordinate regulation of noradrenergic properties as TH expression, catecholamine histo¯uorescence and noradrenaline uptake are detectable within a brief developmental time period . No analysis of the transcription of genes other than TH at suf®cient time resolution is available, however.
Noradrenergic properties in sympathetic neurons of the www.elsevier.com/locate/modo chick embryo such as TH and catecholamine histo¯uores-cence are detectable during E3 in the primary sympathetic ganglia at the dorsal aorta (Enemar et al., 1965; Ernsberger et al., 1995; Shirley et al., 1996) . As the dorsal aorta can induce TH and catecholamine¯uorescence in cultures of quail neural crest cells that contain sympathetic precursors (Reissmann et al., 1996) , cells from the embryonic aorta are considered to produce a signal capable of inducing noradrenergic differentiation in sympathetic neurons (Stern et al., 1991; Ernsberger and Rohrer, 1996) . BMPs which are expressed in the dorsal aorta at the time of noradrenergic differentiation of sympathetic neurons in avian and mammalian embryos (Reissmann et al., 1996; Shah et al., 1996) promote noradrenergic differentiation in neural crest cultures and after overexpression in vivo (Varley et al., 1995; Reissmann et al., 1996; Lo et al., 1999) and may be the aorta-derived signal. Indeed, blocking BMP activity with the help of its antagonist noggin interferes with noradrenergic differentiation in primary sympathetic ganglia (Schneider et al., 1999) . The data indicate that aorta-derived BMPs may induce noradrenergic differentiation of sympathetic precursors.
BMPs also promote the expression of the transcription factors Phox2a and 2b (Reissmann et al., 1996; and unpublished data) which themselves are capable of promoting the expression of noradrenergic properties after overexpression in neural crest cultures of mammals and birds (Lo et al., 1999; Stanke et al., 1999) and in the chick embryo in vivo (Stanke et al., 1999) . Thus, BMPs may affect sympathetic neuron differentiation via the regulation of Phox2 transcription factors. The role of Phox2 transcription factors during sympathetic neuron differentiation is demonstrated by the lack of autonomic neurons in Phox2b mutant mice (Pattyn et al., 1999) but not in Phox2a mutant mice (Morin et al., 1997) . As Phox2 transcription factors can regulate transcription from DBH and TH promoters (Zellmer et al., 1995; Swanson et al., 1997; Yang et al., 1998) , they may be directly involved in noradrenergic induction in sympathetic neurons.
The receptor tyrosine kinase c-ret is absent from sympathetic ganglia of Phox2b knockout mice (Pattyn et al., 1999) . Thus, it was suggested that Phox2 transcription factors may act via inducing responsiveness to c-ret ligands by regulating receptor expression. This is supported by the fact that forced expression of Phox2a or 2b induces c-ret expression (Lo et al., 1998 (Lo et al., , 1999 Stanke et al., 1999) . Mutation of the c-ret gene in mice, however, had no obvious effect on trunk paravertebral sympathetic ganglia apart from the superior cervical ganglia (Durbec et al., 1996) .
To understand whether the induction cascade initiated by BMPs may regulate other noradrenergic genes than TH and coordinately induce different noradrenergic properties, we studied the expression of DBH in sympathetic ganglia of the chick embryo in comparison to TH, Phox2a, 2b and c-ret transcription. The analysis demonstrates that, with a time resolution of approximately 1±2 h, TH and DBH are coregulated during induction of the noradrenergic neurotransmitter phenotype. We ®nd that BMP 4 induces DBH as well as TH in neural crest cells in vitro and after overexpression in vivo. Phox2a is detectable at the same time as TH and DBH in vivo, whereas Phox2b expression precedes the noradrenergic marker enzymes. This early expression is in agreement with the role of Phox2 transcription factors in noradrenergic differentiation. At later developmental stages, differences between TH, DBH, Phox2a and 2b expression are manifest indicating that transcriptional regulation of noradrenergic marker genes may change with ongoing differentiation. In addition to their role in noradrenergic differentiation, Phox2a and 2b may be involved in the development of cholinergic neurons which also express c-ret.
Results
2.1. Dopamine b -hydroxylase and tyrosine hydroxylase are expressed at the same stage following expression of the transcription factor Phox2b
Tyrosine hydroxylase (TH) mRNA is detectable with radioactive in situ hybridization at stage 18 in sympathetic ganglia of the chick embryo at the level of the wing buds (Ernsberger et al., 1995) . Stage 18 comprises the embryonic stages with 30±36 somite pairs (Hamburger and Hamilton, 1951) and, thus, constitutes a relatively long developmental period spanning approximately 10 h. Already with radioactive in situ hybridization we observed TH mRNA expression to begin only in advanced stage 18 embryos at the levels of the wing bud (Ernsberger, unpublished data) . With non-radioactive in situ hybridization we obtained the same result and found TH mRNA detectable in 35 somite embryos but not in 32 somite embryos (Fig. 1) . TH mRNA signal in 33 somite embryos was observed in primary sympathetic ganglia of rostral but not caudal segments at wing bud levels (Table 1) . Not all of the 33 somite embryos showed detectable levels of TH mRNA at the level of the anterior wing bud segments, indicating that during this time period expression is induced at this level. A similar result was observed for dopamine b-hydroxylase mRNA (Fig. 1 , Table 1 ). Whereas no expression was observed in 32 somite embryos, those analyzed at the 33 somite stage expressed DBH mRNA at the level of the anterior wing bud segments. Small differences in the expression of TH and DBH mRNA in primary sympathetic ganglia at this level were inconsistent between embryos (Table 1) such that there is overall a high similarity in the time course of TH and DBH mRNA expression.
Comparing the expression of the noradrenergic transmitter synthesizing enzymes to the transcription factors cPhox2a and 2b, we found cPhox2a mRNA to be detectable at a similar time as DBH and TH (Fig. 1) . First positive cells at anterior wing bud segments were found in 33 somite embryos (Table 1 ). Phox2b expression in contrast precedes their expression and is detectable at the 32 somite stage at cranial levels of the wing bud segments (Fig. 1 ). Also at caudal levels of the wing bud segments, Phox2b expression was detected before Phox2a (Table 1 ). The data demonstrate that Phox2b expression is detectable before the expression of Phox2a, TH and DBH as also found in the mouse embryo (Pattyn et al., 1999) .
BMPs differently affect DBH expression in neural crest and in sympathetic neuron cultures
As BMPs promote the induction of TH and catecholamine¯uorescence in avian neural crest (Varley et al., 1995; Reissmann et al., 1996; Schneider et al., 1999) , we wanted to know whether BMPs would also affect DBH Level cranial to wing bud
Level of rostral wing bud
Level of caudal wing bud
a 1, detectable in several sections; 0, not detectable in any section; 1/0, possible signal in one of several adjacent sections. Each symbol in a horizontal row refers to a series of sections from a separate embryo. Symbols in a vertical column are from one embryo and can be directly compared. expression in neural crest cells and in sympathetic neurons. As observed for TH, BMP 4 increased the number of cells expressing DBH mRNA in quail neural crest cultures in all experiments analyzed (data not shown). Overexpression of BMP 4 with the help of a RCAS-BMP 4 virus led to an increase of the size of sympathetic ganglia and to excessive numbers of ectopic DBH-positive cells in a pattern identical to that observed for TH-positive cells (Fig. 2) .
Surprisingly, BMP 4 reduced the percentage of DBH mRNA-positive cells in cultures of sympathetic neurons from 7-day-old chick embryos (Fig. 3) . BMP 7 had a similar though smaller effect, whereas activin did not affect the percentage of DBH-positive cells. In contrast, no effect of BMPs was observed on the percentage of TH mRNA-positive neurons whereas activin slightly increased this number (Fig. 3) . It is interesting to note that in the RCAS-BMP 4 infected embryos DBH expression levels on the infected side appear reduced as compared to the uninfected side even though more DBH-expressing cells are found on the infected side (Fig. 2) . Such a reduction was not apparent for the levels of TH expression. Thus, the data suggest that BMPs at later stages in vivo may compromise the levels of DBH expression in noradrenergic cells.
Phox2a and 2b expression is not restricted to the noradrenergic neuron population at later developmental stages
There is evidence that Phox2 transcription factors are directly involved in the regulation of TH and DBH transcription (Zellmer et al., 1995; Swanson et al., 1997; Kim et al., 1998; Yang et al., 1998) . On the other hand, mutation of Phox2b affects not only catecholaminergic neurons but autonomic neurons in general (Pattyn et al., 1999) . Therefore, we were interested to analyze the cell type-speci®c expression of Phox2a and 2b during the maturation of noradrenergic and cholinergic neurons in sympathetic ganglia. For this purpose, sections from ganglia of 18-day-old chick A chick embryo was infected at embryonic day 2 with BMP 4-RCAS virus on the right side next to the neural tube at thoracic levels. At embryonic day 7 the embryo was ®xed and in situ hybridization was performed in the infected region for TH (A) and DBH (B) on adjacent sections. Note the enlarged ganglia on the infected side and the ectopic TH-and DBH-expressing cells ranging alongside the vertebrae to the dorsal body wall. Scale bar 100 mm. Fig. 3 . BMPs do not promote the expression of noradrenergic properties in cultures of sympathetic neurons from 7-day-old chick embryos. (A) Sympathetic neurons were grown for 4 days in the presence of NGF alone or NGF plus BMP 4 (10 ng/ml), BMP 7 (100 ng/ml), or activin (10 ng/ml) before ®xation and in situ hybridization. There was no apparent change of the percentage of TH-positive cells in the presence of BMP 4 or 7, but there was a slight increase in the presence of activin. (B) Cultures were grown as described in (A) and in situ hybridization was performed for DBH. Note the strong reduction in the percentage of DBH-positive neurons in the presence of BMP 4 and the milder reduction in the presence of BMP 7. No apparent change was observed in the presence of activin. n $ 3,^SEM.
embryos were used, a stage when noradrenergic and cholinergic sympathetic neurons are clearly segregated (Ernsberger et al., 1997) . As demonstrated by double in situ hybridization, the expression of Phox2b (Fig. 4) and Phox2a (data not shown) is not restricted to the TH-positive population of sympathetic neurons. Both transcription factors are expressed in the TH-positive and the TH-negative neuron population and the expression levels do not show an apparent difference (compare Figs. 4 and 5) . The results show that there is only partial overlap between the expression of Phox2 transcription factors and TH, indicating that at least at later developmental stages the Phox2 transcription factors are not exclusively specifying noradrenergic properties.
DBH expression is not restricted to the TH-expressing neurons
Our observations on the initial expression of TH, DBH and Phox2a and 2b suggest a common induction of TH and DBH that may be mediated by Phox2 transcription factors.
As Phox2b and 2a during later stages of sympathetic neuron differentiation are expressed also in TH-negative sympathetic neurons, we were interested in the DBH expression pattern at this stage. Double in situ hybridization on sections of ganglia from 18-day-old chick embryos demonstrated that strong DBH mRNA expression is observed in TH mRNA-expressing cells (Fig. 5) . In addition, weak DBH mRNA expression is detected in cells negative for TH mRNA. As the Fast Red and the NBT/BCIP substrate yield signals of different strength, we used both substrates to detect each of the cRNA probes. This showed that such a weak expression in a separate cell population is not detectable for TH mRNA. Likewise, when using two differently labelled TH cRNA probes on one section and detection with Fast Red and NBT/BCIP, respectively, for the different colour reactions, no evidence for weak TH mRNA expression in a separate neuron population was observed (compare Fig. 5B,C) . These data show that there is strong DBH and TH mRNA expression in the noradrenergic sympathetic neuron population. In addition, there is weak but distinct DBH mRNA expression but no detectable TH mRNA expression in a sympathetic neuron population which we consider not to be noradrenergic as the rate-limiting enzyme of catecholamine biosynthesis is not present.
Since Phox2a and 2b are expressed in TH-positive and negative cells (Fig. 4 and data not shown), it is concluded that both strongly and weakly DBH-expressing cells are Phox2a and 2b-positive. Due to differences in the intensity of the signals in the two colour reactions of the double in situ hybridization (see Section 4), the relatively weak expression of Phox2a and 2b cannot be directly visualized with the low level DBH expression found in TH-negative cells. Interestingly, there is no obvious difference in the Phox2 expression levels between TH-positive and -negative cells, indicating that the differences in DBH expression levels do not correlate with differences in Phox2 expression levels visible with in situ hybridization.
c-ret expression is observed in the cholinergic rather than the noradrenergic neuron population
c-ret is a downstream target of Phox2 transcription factors (Morin et al., 1997; Pattyn et al., 1999) . Phox2 expression in rat and chick neural crest stem cells induces c-ret (Lo et al., 1998 (Lo et al., , 1999 Stanke et al., 1999) and c-ret expression is lacking in sympathetic ganglia of Phox2b mutant mice (Pattyn et al., 1999) . As TH and DBH are likewise affected in sympathetic ganglia of Phox2b mutant mice, we wanted to determine the relation between the expression of c-ret and the noradrenergic marker enzymes during development of sympathetic neurons. For this purpose we performed double in situ hybridization in cross sections of E18 sympathetic ganglia where noradrenergic TH-positive and cholinergic ChAT-and VIP-positive cells are clearly segregated (Ernsberger et al., 1997; Ernsberger and Rohrer, 1999) . c-ret was expressed in a small subpopulation of sympathetic neurons that overlaps largely but not entirely with the VIP-expressing neurons (Fig. 6) . Thus, the majority of TH-positive sympathetic neurons are devoid of detectable c-ret mRNA at this developmental stage. Likewise, the cells that strongly express DBH are negative for c-ret and also for VIP (data not shown).
Further evidence for a lack of correlation between c-ret and noradrenergic differentiation is the absence of c-ret expression in thoracic sympathetic ganglia of a stage 19 embryo when noradrenergic properties are expressed (data not shown). This is in agreement with the detection of c-ret in chick sympathetic ganglia from stage 22 onwards (Robertson and Mason, 1995) .
Discussion
Our data demonstrate that TH and DBH expression is Fig. 2A) is covered by the blue to black signal produced by the DIG-labelled probe as expected from the hybridization of the two probes to TH mRNA-producing cells. (C) Fluorescein-labelled TH antisense probe was detected with Fast Red substrate and DIG-labelled DBH antisense probe with NBT/BCIP. The red signal produced by detection of TH mRNA with the¯uorescein-labelled probe (compare with Fig. 2A) is covered by the blue to black signal produced by the DIG-labelled probe indicating that all TH-expressing cells also express DBH. In addition, a large number of cells with a clearly weaker black signal are observed indicating low DBH expression levels. As no such weak signals are seen with a DIG-labelled TH antisense probe and NBT/BCIP substrate (see Fig.  2B ) the data show weak expression of DBH but not TH in a signi®cant number of sympathetic ganglion cells. Scale bar 20 mm. coordinately regulated during noradrenergic induction in chick sympathetic neurons. In particular, the expression of both genes is promoted by BMPs in neural crest cells in vitro and after BMP overexpression in vivo. There are differences in the regulation, however, which manifest in the DBH expression in cells without detectable TH mRNA at later developmental stages in vivo or in different BMP effects on sympathetic neurons in vitro.
The time course of expression of TH and DBH in sympathetic neurons of mammals indicates that both proteins are induced during the same differentiation event. At E11±12.5, depending on the rostrocaudal level, immunoreactivity for TH and DBH is detected in the newly formed rat sympathetic ganglia (Cochard et al., 1978 (Cochard et al., , 1979 Teitelman et al., 1979; Anderson et al., 1991; Lo et al., 1991) . The time resolution, however, is rather crude, allowing to distinguish intervals of only half a day. In the chick embryo, developmental time differences of approximately 1±2 h were distinguished by counting the numbers of somite pairs around the time of noradrenergic induction (see also Palmeirim et al., 1997) . In this manner we can demonstrate that the expression of detectable amounts of TH and DBH mRNA is tightly coupled. Both messages can be detected in 33 somite embryos in primary sympathetic ganglia at the level of the anterior half of the wing bud. This closely correlated expression may indicate a common regulation of the induction of these proteins which is supported by the observation that both messages are induced by BMP 4 in neural crest cultures and after virus-induced overexpression in vivo.
Our ®ndings that at later developmental stages DBH mRNA is detectable in ganglionic cells that do not express measurable levels of TH mRNA show that differences in the regulation of expression become manifest already during embryonic development. Also in pig sympathetic ganglia, DBH immunoreactivity is detectable in VIP-immunoreactive neurons (Hill and Elde, 1989) and DBH was found to be coexpressed with ChAT in mouse CNS neurons (Tiveron et al., 1996) . Differences in TH and DBH regulation during differentiation have also been shown early during differentiation of neural crest stem cells (Lo et al., 1999) .
Our data show coordinately regulated expression of the TH and DBH genes during noradrenergic induction in sympathetic neurons. With further embryonic development, differences in the regulatory mechanisms become apparent that result in DBH expression in TH-negative cells.
The transcription factor Phox2a appears at detectable levels during the same time period as TH and DBH in chick sympathetic ganglia. The close relative Phox2b precedes Phox2a expression in chick (this study) and mouse (Pattyn et al., 1999) sympathetic ganglia. Both Phox2a and 2b overexpression in vivo and in vitro induce the expression of TH and DBH and the generation of ectopic sympathetic neurons (Lo et al., 1999; Stanke et al., 1999) . Moreover, inactivation of the Phox2b, not however of the Phox2a gene, disrupts the differentiation of sympathetic neurons including the expression of TH and DBH in mouse embryos (Pattyn et al., 1999) . These observations strongly suggest that the regulation of Phox2 expression as well as their function as transcriptional regulators involved in noradrenergic differentiation of sympathetic neurons are conserved between birds and mammals.
The loss of neurons in Phox2b mutant mice does not only affect the noradrenergic neurons in the sympathetic ganglia but the entire autonomic nervous system (Pattyn et al., 1999) . This observation as well as our demonstration of Phox2b expression in noradrenergic and non-noradrenergic neurons in sympathetic ganglia of the chick embryo show that Phox2b action is not restricted to the differentiation of noradrenergic neurons. Rather, Phox2b is a transcription factor required in early neuronal differentiation throughout the autonomic nervous system. Moreover, virus-induced expression of Phox2a and 2b in chick embryos in vivo leads to the expression of neuronal characters such as SCG 10 and neuro®lament mRNA in ectopic locations such as cells of the spinal nerve (Stanke et al., 1999) . In mammalian neural crest stem cells, a direct induction of neuronal properties by Phox2a was not observed, but the induction of neuro®lament expression by BMP2/forskolin was inhibited by a dominant-negative Phox2a construct (Lo et al., 1999) . The data suggest that Phox2 transcription factors not only regulate the expression of noradrenergic properties but also of general neuronal markers.
An issue of particular interest is the expression of Phox2a and 2b in non-noradrenergic sympathetic neurons. As cholinergic sympathetic neurons expressing choline acetyltransferase but not tyrosine hydroxylase are observed early during sympathetic ganglion development, we cannot exclude that there are sympathetic neurons that express Phox2a or 2b but no noradrenergic properties during their development. After Phox2 overexpression in vivo, choline acetyltransferase may be induced in ectopic locations (Stanke et al., 1999) and Phox2 genes are involved in the differentiation of cholinergic cell types such as hindbrain and visceral motoneurons (Jean-Francois Brunet and Christo Goridis, pers. commun.) . Thus, Phox2 transcription factors may be required for the differentiation of neuronal and neurotransmitter properties in noradrenergic and some cholinergic neuron populations.
Forced expression of Phox2a in neural crest cells induces c-ret (Lo et al., 1998 (Lo et al., , 1999 Stanke et al., 1999) . Moreover, mutational inactivation of Phox2a in mice leads to the lack of expression of c-ret as well as DBH in cranial sensory ganglia (Morin et al., 1997) . In sympathetic ganglia of mice with mutational inactivation of the Phox2b gene, no c-ret is detectable (Pattyn et al., 1999) , indicating that c-ret is a downstream target of Phox2 transcription factors. In mice with mutational inactivation of the c-ret gene, the SCG is absent whereas the remaining sympathetic chain is unaltered and the ganglion cells express TH (Durbec et al., 1996) . Thus, c-ret is not important for survival or catecholaminergic differentiation of the thoracolumbar sympathetic chain. Our observations that c-ret is expressed only in a subset of chick sympathetic neurons are in agreement with this observation and suggest that c-ret may play a role in the generation of cholinergic rather than noradrenergic sympathetic neurons in chick lumbosacral sympathetic ganglia.
Our results show that the expression of the genes coding for the enzymes of noradrenaline biosynthesis, TH and DBH, is coordinately regulated early during noradrenergic induction of sympathetic neurons. During later phases of neuronal differentiation, differences in the regulation of TH and DBH expression become apparent. Moreover, our results support an evolutionary conserved role of Phox2 transcriptional regulators not only during noradrenergic differentiation but also for other aspects of autonomic neuron development. c-ret is not required for the differentiation of noradrenergic sympathetic neurons at trunk levels of avian and mammalian embryos but may be involved in cholinergic differentiation.
Materials and methods

Chick cDNAs
cDNAs were available for chick TH (Genbank accession number AJ251387), chick Phox2a (Genbank accession number Z49262)), chick Phox2b (Genbank accession number AJ251458), chick DBH (Genbank accession number AJ251457), and c-ret (Robertson and Mason, 1995) .
In situ hybridization
Non-radioactive in situ hybridization on tissue sections and in culture was performed as described in Ernsberger et al. (1997) . Double in situ hybridization was performed by simultaneously hybridizing a digoxygenin (DIG) and ā uorescein-labelled riboprobe to cryosections under the same conditions as described for conventional in situ hybridization. The¯uorescein-labelled riboprobe was bound with anti-¯uorescein antibody coupled to alkaline phosphatase and detected with a Fast Red substrate yielding a red precipitate. After taking photographs, sections were washed and the anti-DIG antibody was stripped with 0.1 M glycin at pH 1.8 for 30 min at room temperature. After washing in maleic acid buffer, the DIG-labelled riboprobe was bound with anti-DIG antibody coupled to alkaline phosphatase and detected with NBT/BCIP substrate yielding a blue to black precipitate.
In the double in situ hybridization, the two riboprobes labelled with the different epitopes, digoxygenin and¯uor-escein, are applied at the same time. The detection of the different epitopes is performed in consecutive steps by speci®c antibodies, anti-DIG Fab fragments and anti-¯uor-escein Fab fragments, respectively. As both antibodies are coupled to alkaline phosphatase, a complete removal of the enzyme activity after the ®rst colour reaction is essential for the speci®city of the second signal. Heat inactivation proved to be not suf®cient for the removal of the alkaline phosphatase activity bound during the ®rst detection step. Treatment with 0.1 M glycin (pH 1.8), however, was suf®cient to entirely remove enzymatic activity from the ®rst detection step. This was controlled on sections incubated with a¯uor-escein-labelled TH riboprobe and anti-¯uorescein Fab coupled to alkaline phosphatase. No colour reaction was performed on these sections during the ®rst detection step. The sections were then treated with 0.1 M glycin (pH 1.8) and a colour reaction was performed using the NBT/BCIP substrate. As no blue precipitate was formed under this conditions, these controls, that were run in parallel with the double in situ hybridizations described, demonstrate that the removal of the alkaline phosphatase activity from the ®rst detection step by 0.1 M glycin (pH 1.8) is quantitative.
No evidence for a difference in background between the ®rst and second detection reaction was observed. In particular, riboprobes gave the same staining pattern, irrespective of the labelling with¯uorescein or digoxygenin, and the detection in the ®rst or second colour reaction. However, the choice of colour substrate is important when detecting weakly expressed mRNAs. As the Fast Red substrate gives a weaker signal than NBT/BCIP, weak expression may escape detection with a Fast Red-based colour reaction. Therefore, two mRNAs expressed at low levels cannot be compared with this double in situ hybridization protocol. Still, a strongly expressed mRNA such as that for TH, detected with Fast Red substrate, can be compared to a weakly expressed mRNA such as Phox2a and 2b or, in certain cells, DBH detected with NBT/BCIP.
Cell culture
Neural crest cultures have been performed as described in Reissmann et al. (1996) and cultures from sympathetic neurons have been described in Ernsberger et al. (1997) with the difference that the potassium concentration of the culture medium was not increased. Even though NGF is not required for the survival of sympathetic neurons from lumbosacral ganglia of 7-day-old embryos (Ernsberger et al., 1989) , we routinely added this growth factor to allow comparison with earlier studies (Ernsberger et al., 1997) .
Viral infections
Infection of chick embryos with RCAS-BMP 4 virus have been performed as described in Reissmann et al. (1996) . Infected embryos were analyzed at embryonic day 7.
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